Modelling the mechanical behaviour of biological tissues is of vital importance for clinical applications. It is necessary for surgery simulation, tissue engineering, finite element modelling of soft tissues, etc. The theory of linear elasticity is frequently used to characterise biological tissues; however, the theory of nonlinear elasticity using hyperelastic models, describes accurately the nonlinear tissue response under large strains. The aim of this study is to provide a review of constitutive equations based on the continuum mechanics approach for modelling the rate-independent mechanical behaviour of homogeneous, isotropic and incompressible biological materials. The hyperelastic approach postulates an existence of the strain energy function -a scalar function per unit reference volume, which relates the displacement of the tissue to their corresponding stress values. The most popular form of the strain energy functions as NeoHookean, Mooney-Rivlin, Ogden, Yeoh, Fung-Demiray, Veronda-Westmann, Arruda-Boyce, Gent and their modifications are described and discussed considering their ability to analytically characterise the mechanical behaviour of biological tissues. The review provides a complete and detailed analysis of the strain energy functions used for modelling the rate-independent mechanical behaviour of soft biological tissues such as liver, kidney, spleen, brain, breast, etc.
Introduction
In recent years, modelling the material behaviour of biological tissues has been a primary concern for a large number of researches all over the world. An accurate description of the material behaviour of human organs and tissues is necessary for many clinical applications. It could be used, for example, in surgery planning [74] , for simulation of surgical procedures for training and learning purposes [10, 74] , to study virtual reality in clinical systems [107] , in tissue engineering [3, 29, 60] , and for finite element modelling of different organs [11, 36, 51] . Determining the elastic properties of soft biological materials under finite deformation is of great interest in elasticity imaging, where these material properties can be used to distinguish between malignant tissue and benign tissue and even for cancer classification [35, 80, 85] .
Mechanical tests performed to investigate biological tissue behaviour include different deformation modes: compression, tension and shear. Results for compression experiments performed on porcine abdominal organs and brain were reported by [13, 26, 31, 71, 97] . Mechanical behaviour of abdominal tissues and brain under tension was investigated by [14, 31, 54, 72, 111] . Shear experiments for porcine liver and kidney were performed by [31, 76] . Indentation and aspiration experiments are also widely accepted for soft biological tissue characterisation [9, 77, 78, 99] .
The theory of linear elasticity is frequently used to interpret results of mechanical tests on biological tissues in order to characterise mechanical behaviour of the studied materials and to simulate these tissue behaviour [22, 123] . However, linear elasticity is a useful simplification for small strains, whilst most surgical procedures involve application of large strains. Most biological tissues exhibit very significant nonlinear deformation behaviour; that is why more sophisticated, reliable and precise theories are necessary for their accurate description [28] . The theory of nonlinear elasticity using hyperelastic models describes the elastic nonlinear tissue response under large strains more accurately in comparison with the linear elasticity theory.
In our approach, we assume hyperelasticity of materials and, thus, a reversibility of deformations and no energy dissipation during loading process. Although biological tissues possess visco-elastic behaviour [28] and could not be considered as pure hyperelastic, an assumption of hyperelasticity allows a reasonable estimation of the mechanical properties, especially for low loading rates, when the loss of strain energy is small. Thus, hyperelastic modelling could be considered as a starting point for the development of more complex models, which also include effects of viscosity and others.
The purpose of this work is to describe, compare and discuss the ability of some of the most widely accepted hyperelastic models used today to model biological tissue behaviour. We limit this review to consider only homogeneous, isotropic and incompressible materials; thus, the mechanical properties are assumed to be uniform and independent of stressing direction. An assumption of incompressibility means that the volume of the material remains constant during deformation. Although biological tissues could not be considered as completely incompressible; this approximation is very useful for constitutive modelling and helps to avoid complexity of the models and intensive computer calculations. The assumption for homogeneity, incompressibility and isotropy is appropriate for many biological materials. That is confirmed by an enormous amount of literature reported by several research groups for organs such as porcine brain [73, 91, 92] , porcine, bovine and human liver [12, 13, 77, 79, 88, 95] , bovine kidney [87] , human breast tissue [84, 85, 98] , porcine and human spleen [9, 18, 19] . The assumption of isotropy, but not the incompressibility, for lung tissue is confirmed by [102, 108] . A constitutive model for describing the material behaviour of such an isotropic compressible material should consist of a hyperelastic potential split into volumetric contribution, considering compressibility of the material and isochoric contribution, neglecting effects of compressibility [5, 93] . The isochoric contribution can be modelled as an incompressible material, and here and after we mean only the isochoric contribution when we talk about lung tissue. So-called "hollow" organs such as stomach and bowel and soft biological tissues containing large fibres such as skin, arterial walls, tendons, ligaments, etc., are not considered in this review because of their anisotropy and inhomogeneity [16, 42, 124] . Models, describing anisotropic behaviour of such biological materials could be found in [36, 37, [41] [42] [43] 49] .
This review focuses on constitutive equations based on the continuum mechanics approach and discusses the application of strain energy function-based approach to model the material behaviour of hyperelastic biological tissues. The review provides a complete and detailed analysis of the most popular forms of the strain energy functions used for modelling soft biological tissues.
The structure of this review is the following: In the "Continuum mechanics approach -basic issues" section, the general relations from continuum mechanics framework necessary for constitutive modelling are introduced. Subsequently, the most widely accepted forms of strain energy functions are presented, their applications reviewed and finally classified according to different criteria in the "Forms of the strain energy function" section. In the "Uniaxial test for incompressible hyperelastic materials" section, the procedure to calculate the stress tensors (corresponding to those presented in Section 3 forms of strain energy functions) is shown for the case of the uniaxial test, which is completely sufficient for isotropic material characterisation. Criteria for efficient constitutive models and problems in material parameter estimation are reviewed in the "Effective constitutive model and optimisation of material parameters" section. Finally, we conclude by discussing which of the presented models characterise such tissues as spleen, liver, kidney, brain, breast and lung in the most accurate way.
Continuum mechanics approachbasic issues
Constitutive modelling of materials requires an advanced knowledge of continuum mechanics and tensor analysis. In this section, we highlight the most necessary relationships used in the modelling of biological materials avoiding a more comprehensive theoretical exposition. Details of continuum mechanics and basics of tensor analysis can be found in [39, 68, 100] .
The continuum mechanics approach, namely, the hyperelasticity theory, was studied intensively for modelling of rubber-like material behaviour [1, 8, 33, 34] . Pioneering studies using this approach for biological tissue modelling were reported by Veronda and Westmann [115] and Fung [27] .
The hyperelastic approach postulates an existence of the strain energy function (scalar function per unit reference volume) W, which relates the displacement of the tissue to the corresponding stress values. The strain energy function has a meaning of the energy stored by a system undergoing deformation. When the load is removed, strain energy is gradually released as the system returns to its original shape.
First we assume that the modelled material is homogeneous, i.e. the mechanical properties of the material do not depend explicitly on the stressing point. Thus, the strain energy function is a function only of the deformation gradient F, related to both the reference and current configuration. Let us denote a point in the reference configuration as X and the point in the current position as x. Then, the deformation gradient F is determined as:
, .
As det(F) > 0, according to the polar decomposition theorem, F could be uniquely decomposed as F = RU = VR, where U and V are the right and left stretch tensors, respectively. U and V are positive definite symmetric tensors, and R is a proper orthogonal rotation tensor, which represents the rotation of the eigenvectors of U, N i to the eigenvectors of V, n i : n i = RN i . Let λ i (i = 1, 2, 3) be eigenvalues of the stretch tensors. λ i are the principal stretches of the deformation and often called the principal stretch ratios. The right Cauchy-Green deformation tensor C is a measure of the strain the body experiences and is defined as
where the superscript T denotes the transpose. Then U is the unique positive-definite symmetric tensor satisfying U 2 = C. The second assumption made is the isotropy of the modelled material. This means that the material possesses uniform stress/strain responses in all directions. For isotropic materials, the strain energy function W = W(F) is a function of invariants W = W(I 1 , I 2 , I 3 ), which are defined as:
The final assumption made is the incompressibility of the modelled material, i.e. the volume of the material remains constant during deformation. For incompressible materials, 
Forms of the strain energy function
There is a variety of strain energy functions expressed in different forms. Here, some of the most commonly used forms for modelling biological materials will be introduced and then classified with respect to the form of the equation, number of strain invariants used and ability to fit experimental data. Several of them have been introduced first to model the behaviour of rubbers [2, 33, 75, 81, 110, 119] and later applied for biological ex vivo [13, 64, 91] and also in vivo tissue modelling [6, 9] . Similarities in the structure, mechanical characteristics and constitutive modelling of some biological tissues and rubber-like materials are observed in [28, 41] .
Polynomial forms of the strain energy function
Polynomial forms of the strain energy functions are the most popular in the constitutive modelling of biological tissues because of their simplicity and, therefore, calculation efficiency.
Neo-Hookean model
The simplest polynomial-based strain energy function is the so-called the Neo-Hookean model and has the following form [110] :
where C 1 > 0 is a material constant, which denotes the shear modulus for infinitesimal deformation. The neoHookean model comes out of the molecular theory, where the measured material is modelled as a three-dimensional network of long-chain molecules that are connected at a few points. It is postulated that the elastic free energy of a network is equal to the sum of the elastic free energies of the individual chains, and a Gaussian distribution for the probability of the end-to-end vector of the single chain is assumed. The constitutive parameter C 1 is related to micromechanical parameters as:
where n is the chain density, k is the Boltzmann constant and T is the absolute temperature.
The Neo-Hookean model was applied for modelling of porcine tissues, such as spleen [18] , liver [13] , spinal cord white matter [104] , and muscular tissue [67] , and also for rat tissues, such as rat lung parenchyma [93] and rat brain [52] . Mostly, the Neo-Hookean model provides a poor fit to the experimental data, thus in biological tissue modelling, especially for human tissue characterisation, more precise models are preferable.
Mooney-Rivlin model
Another polynomial strain energy function is the MooneyRivlin model, originally derived by Mooney [75] and expressed in terms of the Cauchy-Green deformation tensor invariants by Rivlin [94] :
where N defines the order of the Mooney-Rivlin model, and C ij are material constants. It is clear, that for the firstorder Mooney-Rivlin model with C 01 = 0, one can obtain the Neo-Hookean expression. Many authors model the material behaviour of biological tissues with the first-order Mooney-Rivlin model containing only two material constants because of its simplicity. Specifically, this model was used for characterising the nonlinear behaviour of porcine liver [55, 99] , porcine kidney [55] , porcine spleen [18] , rat, porcine and human brain [52, 57, 70, 91] , porcine muscular tissue [67] , and rat lung parenchyma [93] . It was found that the firstorder Mooney-Rivlin model is sufficiently capable of representing nonlinear behaviour of porcine liver and kidney tissue [55, 99] , but not appropriate to model spleen tissue [18] . Preference of other models to the first-order MooneyRivlin model was shown for brain tissue in [52, 91] and for porcine muscular tissue in [67] .
Several other studies used the Mooney-Rivlin model of the higher orders with increased number of parameters. Laksari et al. [59] used the Mooney-Rivlin model with the first three terms in the form W = C 10 (I 1 -3)+C 01 (I 2 -3)+C 11 (I 1 -3)(I 2 -3) for modelling bovine brain tissue under compression. They have shown that the first-order Mooney-Rivlin model with two material parameters is not sufficient to capture the nonlinear behaviour of brain tissue.
The second-order Mooney-Rivlin model with five material constants was sufficient in modelling porcine liver tissue [26, 112] , porcine kidney cortex [112] , porcine and human brain [53, 57] , and human breast tissue [85, 98] .
Chui et al. [13] fitted the Mooney-Rivlin model with nine material constants to the stress-strain curves obtained in combined compression and elongation experiments on porcine liver tissue. They have shown that the Mooney-Rivlin model with nine material parameters could adequately represent these data. However, for fast computer simulations, other models with smaller numbers of and more consistent material parameters would be preferable.
Ogden model
The Ogden model, developed in 1972 [81] , showed a good fit to experimental data obtained on different tissues. It was successfully used for modelling abdominal tissues, like porcine, bovine, and human liver [13, 30, 62, 64, 111, 113, 114] , porcine kidney [101, 112] , and porcine spleen [112] . Most of the mechanical test data available for brain tissue are fitted today with an Ogden hyperelastic model [15, 52, 53, 57, [90] [91] [92] . Also, the Ogden model provides a good fit to the experimental data for porcine spinal cord white matter [104] , human breast tissue [85] , and even human and ovine placenta [47, 56] . However, it should be mentioned, that for visco-elastic and transversely isotropic tissues such as the placenta, an application of more complicated models will lead to a more comprehensive characterisation of the placental behaviour.
The strain energy function in the Ogden model is described by:
where μ k (infinitesimal shear modulus) and α k (stiffening parameter) are material constants, (real numbers, positive or negative, not necessarily integers), and k defines the number of terms included in the summation. Because the expression for W is derived using the stretch ratios, and not the invariants of the Cauchy deformation tensor, the Ogden model is often classified as a stretch-based model. The shear modulus μ in the Ogden model results from the expression:
It is clear that for particular values of material parameters, the Ogden model will reduce to either the Neo-Hookean model (N = 1, α = 2) or to the Mooney-Rivlin model of the first order (N = 2, α 1 = 2, α 2 = -2).
Yeoh model
One more polynomial form of the strain energy function is the Yeoh model, also called the reduced polynomial model because of the use only of the first invariant of the Cauchy-Green deformation tensor I 1 . The Yeoh model was first introduced in 1990 and slightly modified in 1993 [119, 120] . It has the following form:
The initial shear modulus for this model is given by μ = 2C 1 .
It should be mentioned that, today, the following form of the Yeoh model, including N terms, is used very often:
Yeoh mentioned that his model is more preferable in comparison to the Mooney-Rivlin model because it does not depend on the second strain invariant [120] . Also, the Yeoh model contains the second and the third orders of I 1 , which can lead to a more accurate representation of tissue properties in comparison with the Mooney-Rivlin and Neo-Hookean models.
The Yeoh model was applied successfully for the characterisations of human breast tissue [85] , porcine muscular tissue [67] , rat lung parenchyma [5, 93] , porcine and rat brain [52, 53] , and porcine liver [62] . Zaeimdar [122] applied this model together with the Mooney-Rivlin and the Neo-Hookean models through compression of eight animal tissues (chicken breast, cow fat, cow muscle, veal kidney, veal liver, pig fat, pig muscle, sheep brain) and found that the Yeoh model is the best one in capturing nonlinearity of these tissues.
Polynomial forms of the strain energy function are the most popular in biological tissue modelling because of their simplicity. The main disadvantage of these models is that the material parameters are computed by fitting the experimental data to the model and, thus, can vary greatly, depending not only on the specimens and the experimental conditions but also on the so-called fitting parameter. Polynomial models are incorporated in various software for finite element analysis (popular in biomechanical applications) such as in ABAQUS, COMSOL multiphysics, FEbio [65] , LS Dyna [38] , etc.
Exponential and logarithmic forms of strain energy function
Another class of strain energy functions consists of exponential or logarithmic terms.
Fung-Demiray model
An exponential form of the strain energy function was introduced first in the late 1960s of the 20 th century by Fung [27] and then by Demiray [23] :
where C 1 (infinitesimal shear modulus) and C 2 ( stiffening parameter) are material constants, and C 1 , C 2 > 0. In literature, this model is very often called the Fung model, without the name of Demiray. Expanding W into a power series of (I 1 -3) and retaining only the first two non-zero terms, one can obtain the Mooney-Rivlin form of the zeroth order:
The Fung-Demiray model is based on the first strain invariant only. This model was applied successfully for modelling abdominal tissues. Carter et al. [9] and Davies et al. [18] used the Fung-Demiray model for modelling porcine spleen tissue. Moreover, Davies et al. showed that the Fung-Demiray model predicts the mechanical behaviour of porcine spleen much better than the Mooney-Rivlin and the Neo-Hookean models [18] . Chui et al. [13] and Roan and Vemaganti [95] modelled the mechanical behaviour of porcine and bovine liver tissue with the Fung-Demiray model. Rashid et al. [91, 92] used the Fung-Demiray model in order to investigate properties of porcine brain tissue in simple shear and tension experiments and achieved a very good fitting of the experimental data to the model.
Veronda-Westmann model
The Veronda-Westmann model [115] was first introduced in 1970 in order to study the material behaviour of skin tissue of cats:
It has an exponential form and provides a very close fit to typical soft tissue stress-strain curves. Owing to this fact, it is used very often in modelling breast tissue [69, 80, 85] . Also, it was applied for studying cirrhotic human liver [121] , healthy porcine liver [13] , and porcine muscular tissue [67] . The Veronda-Westmann model became very popular in the elastography community and is used in nonlinear elastography quite often [35] .
Micromechanical models
Micromechanical models are based on an explanation of a molecular chain network, and material constants for these models have a physical meaning.
Arruda-Boyce model
The Arruda-Boyce model [2] is a micromechanical model developed for rubber-like materials. It assumes that the macromolecular polymer network can be locally represented by eight chains that are oriented from the centre along the diagonals of a cube and that the individual chains in the proposed network exhibit non-Gaussian behaviour. It successfully represents the response of rubber-like materials under uniaxial extension, biaxial extension, uniaxial compression, plane strain compression and pure shear, while requiring only two material parameters, i.e. an initial modulus μ and a limiting chain extensibility λ m :
In other words, λ m is the value of the chain stretch, when the chain length reaches its fully extended state.
This model is popular especially for soft tissues modelling, where it is assumed that the mechanical response of such tissues at large stretches is dominated by the macromolecular collagen network. It was used for investigations of healthy and pathological breast tissue [63, 84, 85] , porcine white and grey matter [53] , human skin [6] and cartilage [103] .
Gent model
The strain energy density function, proposed by Gent [33] , has the logarithmic form:
where μ > 0 (infinitesimal shear modulus) and J m > 0 are material constants. For J m →∞, the Gent model recovers the neo-Hookean material. Despite the model being empirical, it has the advantage of mathematical simplicity because it involves just two material parameters. The Gent strain energy function is often used to describe rapidly strain-stiffening materials. A microscopic interpretation of the phenomenological constants was provided by [45] :
where N is the total number of chains contained in the network (per unit volume), k is the Boltzmann constant, T is the absolute temperature, and n is the number of segments (each of the same length) in a chain, freely jointed together at chemical cross-links.
The main features and limits of the Gent model for the characterisation of rubber-like material behaviour are discussed in detail by [89] . Authors have also shown the effectiveness of the Gent model in describing the behaviour of traditional and many new elastomeric and biological materials. Extensions and widespread applications of the Gent model in rubber elasticity and in the area of biomechanics of soft biomaterials are reviewed in a recent paper from Horgan [44] .
The near equivalence of the Gent and the ArrudaBoyce model in their ability to predict three-dimensional deformations for rubber elasticity was shown by [7] . For biological tissues, such a comparison has not yet been performed.
Recently, the successful application of the Gent model for modelling porcine brain tissue was demonstrated by [91, 92] .
Combined forms of the strain energy function
Combined forms of the strain energy functions are also popular in modelling biological tissues. The Fung-Demiray model, is often classified as a combined model, consisting of polynomial and exponential forms of the strain energy function. The Veronda-Westmann model can also be considered as a combined exponential and polynomial model. Several authors [13, 31, 93] have performed experiments with biological tissues and have proposed their own combined models.
Chui et al. [13] performed combined compression and elongation experiments on porcine liver tissue and proposed the combined logarithmic and polynomial equation for isotropic materials:
It was shown, that the combined logarithmic and polynomial model provided a good fit for the stress-strain relationships obtained in compression followed by elongation experiment and for the independent compression and elongation data. Experiments were performed on porcine liver, kidney and brain tissues. The combined model could model these tissues with similar errors and small deviations in material para meters [13] .
Later, Gao et al. [31] combined the logarithmic approach and the Ogden model as well as the exponential approach in combination with the Ogden model in order to describe ex vivo porcine liver behaviour:
and
It was shown, that these models are capable to describe the deformation behaviour of the liver tissue in compression, tension and pure shear tests.
Rausch et al. [93] recombined several established strain energy functions and found an optimal constitutive model for rat lung parenchyma, which can reproduce not only the experimentally determined stress-strain curves but also the mechanical properties of the tissue components, such as collagen, elastin and ground substance.
Classification of hyperelastic models
There are several types of classifications of hyperelastic models. Models, which are independent of the second strain invariant, can be classified as I 1 -based modelssuch as the Neo-Hookean model, the Yeoh model, the Arruda-Boyce model and others. For these models, only a single test such as a uniaxial tension test is needed to characterise the material behaviour. As a result, they cannot present closely the behaviour in other tests, such as the shear test, for example, as a multiparameter model, but they will present a reasonable approximation, and they are easier to use [66] . The importance of the inclusion of the second strain invariant in constitutive models to quantitatively describe some physical effects for soft biomaterials is discussed by [46] .
Another class of models are those that are not based on the invariant of the Cauchy deformation tensor, but directly on the principal stretches. These are the Ogden and combined models, using the Ogden model term, such as the exponential Ogden and the logarithmic Ogden models.
Hyperelastic models can be classified also with the following principle provided by Steinmann et al. [105] : -Phenomenological -models, whose coefficients are obtained directly from experimental data. These form the majority of polynomial models: Mooney-Rivlin, Ogden, Yeoh models. -Micromechanical -models, taking into account the underlying structure of the material. These are the Neo-Hookean and Arruda-Boyce models. -Hybrids of the phenomenological and micromechanical: Gent model.
It is to be noted that there exists no strict classification of the hyperelastic models. Models can be classified as phenomenological and stretch-based models, as for the Ogden model, for example. Table 1 provides a generalized classification of the most widely used forms of the strain energy function. 
Stress-strain curves are virtually independent of specimen dimensions. These curves, obtained from uniaxial, biaxial compression or tension, or shear experiments are very useful for the analysis of materials' mechanical behavior. More details about the experimental setup necessary to obtain the stress-strain curves could be found in [20, 86] . Compression experiments performed on porcine abdominal organs and brain are described in [26, 31, 71, 112] . Tensile experiments are reported for abdominal tissues and brain in [13, 31, 54, 72, 90, 112] . Details of shear test procedure for porcine and human soft tissues could be found in [31, 76, 91] . The uniaxial test is the simplest standard verification test for determining material parameters and is sufficient for characterisation of isotropic material behaviour. During typical uniaxial experiments performed on cylindrical samples with a cross-sectional area A 0 , displacement ΔL and the tensile or compressive force F = TA 0 could be measured, where T is the first Piola-Kirchhoff stress. Stress-stretch ratio curves, computed from the force-displacement dependencies, are used for further analysis of the experimental data. The stretch ratio λ defined as the current length of the sample L = L 0 +ΔL divided by the original length L 0 in the principal directions of the deformation:
For incompressible materials under uniaxial deformation, the first Piola-Kirchhoff stress T is related to the Cauchy stress as [68] :
For uniaxial experiments, the stretch ratio in the direction of deformation is λ 1 = λ and the corresponding principal Cauchy stress is σ 1 = σ. The other two principal stresses are 0 as no lateral forces are applied during the experiment.
As the material is incompressible, then
. λ λ λ = = The main invariants of the right Cauchy-Green tensor C in this case have the forms:
+2λ. For incompressible materials, the principal Cauchy stresses can be determined from [40] : -, ( 1, 2, 3) ,
where p is the hydrostatic pressure, which can be decoupled from the deformation and, therefore, can be calculated from the equilibrium equations (σ 2 = σ 3 = 0). Because W = W(I 1 , I 2 ), Eq. (25) could be rewritten as:
The principal stress in the direction of deformation is: 27) and the principal stress in lateral direction is
Eliminating p from Eq. (28) and substituting it in Eq. (27), the Cauchy stress in the uniaxial tensile or compressive direction can be written as:
Then, according to (24) , the first Piola-Kirchhoff stress T for incompressible materials under uniaxial deformation can be determined as
The most widely used forms of the strain energy functions discussed above and corresponding to them stresses T for the uniaxial test are listed in Table 2 .
Theoretical curves calculated from the equations for different forms of the strain energy functions (Eqs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are used to fit the experimental data of the first PiolaKirchhoff stress T against the stretch ratio λ and find the model for the strain energy, which can best represent the mechanical behaviour of the measured samples and obtain the material parameters for that model.
Effective constitutive model and optimisation of material parameters
The choice of the best constitutive model is a difficult question. It depends on the available data to determine material parameters as well as on the application of the model. One of the important criteria for application of the developed models in clinical routine is computer efficiency: for this purpose, the models with few material parameters are preferred. Arruda and Boyce [2] formulated the criteria for a good constitutive model. They say that the model should represent the full three-dimensional nature of the stressstrain response while using a minimal number of parameters to physically represent the deformation process; ideally, the parameters should be obtained from one experiment. Later Krouskop et al. [58] suggested that an efficient constitutive model must be simple enough to solve for a broad range of problems, but complete enough to realistically describe the behaviour of biological tissues under a variety of loading conditions. Humphrey [50] proposed a five-step procedure for developing a constitutive relation: -Determine the general characteristics of interest, -Establish a theoretical framework, -Identify the specific functional forms of the constitutive relations, -Calculate the values of the material parameters, -Evaluate the predictive capability of the final relation.
In general, a hyperelastic model should satisfy the Drucker stability criterion [25] . Physically, this criterion describing a process of yielding energy by material when it is deformed towards equilibrium and storing energy when the material is deformed away from equilibrium. Restrictions on the form of the strain energy function that occurs from the Drucker stability criterion are discussed in detail by [17, 82, 109] .
Material parameters for every hyperelastic model could be determined by fitting the experimental data 
Name of the model
Strain energy function The Piola-Kirchhoff stress
(for the first-order model)
(for the second-order model) Yeoh [119, 120] Original form 1 050  19  519  ,  ,  7050 673750
(obtained from tensile, compression or shear test) to the theoretical forms of the strain energy functions using an optimisation procedure. The optimisation procedure minimises the error with respect to the model's parameters. Occurrence of multiple sets of optimal material parameters for hyperelastic models was pointed out in several studies [67, 83] . Martins et al. showed that the number of material parameters to fit has an influence on the number of potential optimal solutions of the optimisation problem [67] . Moreover, the results of fitting to one deformation regime can give poor results in other deformation regimes [106] . Stumpf and Marczak [106] presented a restricted optimisation technique for hyperelastic models, which could be used for analysis of data from two or more distinct deformation experiments. Later, based on that result, de Bortoli et al. developed a curve fitting software for incompressible hyperelastic material models, which allows optimising the material constants against more than one type of deformation mode [21] . Boyce and Arruda found that the best fit of experimental curves to phenomenological models can be achieved with unstable constants, while the constants in the Arruda-Boyce and the Gent model are unconditionally stable [8] . One of the first works dedicated to the problem of constitutive parameter estimation from experimental data for characterising hyperelastic large strain models was published by Gendy and Saleeb [32] . The authors provided a computationally efficient methodology to identify the material parameters for hyperelastic material models using rubber as an example. Detailed analysis of problems that occur during fitting of hyperelastic models to experimental data is performed in [83] . The goodness of fit of experimental data with the hyperelastic models should be evaluated in order to find the best model predicting mechanical behavior of the studied materials. Several authors evaluated goodness of fit with the following known measures, as the sum of squares due to error, correlation coefficient, root mean squared error, etc. Details about fitting data could be found in [96] . The relative errors between the theoretical and the experimental curves along the whole deformation range of the curve fit were used in [21, 67, 83] . It was found that the errors are always higher in the region of small stretches [67, 83] . Specific nonlinear goodness of fit estimator for hyperelastic curve fitting was proposed recently in [21] .
An attempt to estimate the material parameters without using optimisation has been presented only by Gao et al. for liver tissue [31] . The material parameters had been determined directly from the experimental curves resulting from uniaxial unconfined compression and tension tests. However, Gao et al. pointed out that the optimisation procedure can improve the fitting.
There is a variability of mechanical properties and, thus, material constants, across the population depending on age, pathologies and other factors of the individuals. Measurements of large number tissue samples from multiple organs in mechanical tests with exactly equal conditions, and the analysing mean values across samples could help to avoid this limitation.
Exact values of the material parameters obtained for liver tissue, for example, those modelled with the Mooney-Rivlin model with two material parameters could be found in [48, 55, 99, 122] . Material parameters are not always similar for the same tissues and tests reported by different research groups. This may be because of different samples, different conditions of specimen preparation including preservation time [64, 117] , temperature [116, 118] and others. No doubt, parameters obtained from ex vivo and in vivo experiments are very different from each other. Investigations about changes of the mechanical properties of biological tissues depending on postmortem and preservation time could be found in [4, 117] .
Discussion and conclusion
Mechanical properties of biological tissues could be well described with the continuum mechanics approach using the strain energy functions. This review provides a complete and detailed analysis of the strain energy functions used for modelling soft biological tissues such as the liver, kidney, spleen, brain, breast, etc. The most popular approaches modelling such tissues are presented, classified and evaluated based on their ability to study such materials. Table 3 summarises information about using different hyperelastic models for soft biological tissue modelling. It provides a synthetic view of the discussed literature, where the presented hyperelastic models are listed in columns (the following abbreviations were used: NH -Neo-Hookean, MR -Mooney-Rivlin, Ogd -Ogden, FD -Fung-Demiray, VW -Veronda-Westmann, AB -ArrudaBoyce), and names of the principal authors together with references, who investigated the mechanical behaviour of spleen, liver, kidney, brain, breast, and lung are listed in rows. Check mark indicates which model, by whom, and for which organ was used in the specified reference. The number of material parameters for the Mooney-Rivlin model and the order of the Ogden model used in the specified references are indicated. There is no clear consensus for today on which model is the best one, but based on recent findings, we summarise below which of the presented models characterise the mentioned organs in the best way.
Spleen
The spleen capsule behaviour was successfully modelled using the Fung-Demiray model by Davies et al. [19] . Later, authors studied porcine spleen parenchyma and found that the neo-Hookean model and the Mooney-Rivlin model (with 2 parameters) are not appropriate for this tissue modelling, while the Fung-Demiray model predicts the mechanical behaviour of spleen very well [18] . This fact had also been confirmed by the work of Carter et al. [9] . The most recent study about the nonlinear behaviour of porcine spleen tissue under static compression was performed by Umale et al. [112] . The authors have shown that the Ogden models, either the first or the second order, can be successfully used for modelling the spleen tissue.
Liver and kidney
The Mooney-Rivlin (with two or five material parameters) and the Ogden (up to the fourth order) models are the most popular for the characterisation of the hyperelastic Table 3 : Hyperelastic models used for modelling the mechanical behaviour of biological tissues.
Authors

Tissue origin NH MR Ogd Yeoh FD VW AB Gent
Spleen Carter et al. [9] Porcine � Davies et al. [19] Porcine (spleen capsule) � Davies et al. [18] Porcine � 2 � Umale et al. [112] Porcine 1-2 Liver and kidney Chui et al. [13] Porcine liver � 2,9 1 � � Fu et al. [26] Porcine liver 5 Gao and Desai [30] Porcine liver 3, 4 Hu and Desai [48] Porcine liver 2 3 Kim and Srinivasan [55] Porcine liver and kidney 2 Lister et al. [62] Porcine liver 2, 3, 4 � Lu et al. [64] Bovine liver 1 Roan and Vemaganti [95] Bovine liver � Samur et al. [99] Porcine liver 2 Snedecker et al. [101] Porcine and human kidney capsule 2 Umale et al. [111] Porcine Glisson's capsule and hepatic vein 1-3
Umale et al. [112] Porcine liver parenchyma, kidney capsule, kidney renal cortex 5 2
Untaroiu and Lu [113] Bovine liver parenchyma 1 Untaroiu et al. [114] Human liver parenchyma 1 Yin et al. [121] Human cirrhotic liver � Zaeimdar [122] Veal (18) ] in order to find the best one [13] . The authors performed several types of experiments on liver tissue, including compression, elongation, and combined compression and elongation and found that the MooneyRivlin model with nine material parameters gives the best fit to the experimental data for all types of experiments. However, a combined logarithmic and polynomial model, proposed by the authors, which is the next best after the Mooney-Rivlin model in terms of fit goodness, could be preferred due to the smaller number and more consistent material parameters. It was shown that this model is also suitable for modelling kidney tissue. Another study that used the Veronda-Westmann model was performed on human cirrhotic liver by Yin et al. [121] .
Brain
Several authors have used the Mooney-Rivlin model (with two [52, 57, 70, 91, 122] , three [57] or five material parameters [53, 57] ) for brain tissue modelling. As of today, most of the mechanical test data available for brain tissue are fitted with an Ogden hyperelastic model [15, 52, 53, 57, [90] [91] [92] . However, the Yeoh model, due to its accuracy, fewer parameters and short computation time requirements, is very effective for brain biomechanical models also. This was confirmed by Kaster et al. [53] for ex vivo porcine white and grey matter and by Zaeimdar [122] for sheep brain. Examination of the Yeoh, the Ogden, the Mooney-Rivlin and the Neo-Hookean models was performed by Karimi et al. [52] , who investigated the influence of cerebral malaria on the mechanical properties of rat brain tissue. It was found that both the Ogden model and the Yeoh model can describe the mechanical behaviour of brain tissue very well. Rashid et al. performed tensile and shear experiments on ex vivo porcine brains and tested an ability of several hyperelastic models to fit these data [91, 92] . Good fit was achieved with the Fung and the Ogden models, but not with the Mooney-Rivlin and the Gent for shear experimental data [91] , while the Fung, the Ogden, and the Gent models provide excellent fits to experimental data from tension test up to a limit of 30% strain [92] .
Breast
The Mooney-Rivlin model was applied for human breast tissue modelling by several authors [69, 84, 85, 98] . However, it was found that other models are preferable.
Comparison of the Mooney-Rivlin, the Ogden, the Yeoh, the Arruda-Boyce and the Veronda-Westmann models for modelling the material behaviour of human pathological breast tissues was performed by O'Hagan and Samani [84, 85] . The authors concluded that despite the accuracy of the Yeoh and the Ogden models, they were closely followed by the Mooney-Rivlin model, yet the Yeoh model is the most appropriate one because of its less number of material parameters, ease to interpret and requirement of smallest number of iterations. The Arruda-Boyce and the Veronda-Westmann models are similar in accuracy, but show less accurate results for human breast tissue [84, 85] . The Arruda-Boyce model was used by Liu et al. [63] in order to model breast tissue undergoing large indentations, but comparison with other models was not performed. Mehrabian et al. [69] applied the MooneyRivlin, the Yeoh and the Veronda-Westmann models to study hyperelasticity of breast tissue. The authors have found that the Veronda-Westmann model is the best one for breast tissue modelling. However, studies were conducted involving numerical and tissue-mimicking phantoms, and not the real tissue. Oberai et al. have used the Veronda-Westmann model for interpreting ultrasound measurements of quasi-static deformation and have shown that the material parameters of this model could be used in order to discern malignant tumours from benign tumours in breast tissue [80] .
Lung
The lung is a highly complex material. The effect of compressibility must be included in the model elucidation in order to provide an accurate description of this tissue behaviour. The most recent results of modelling rat lung parenchyma could be found in [5, 93] . Rausch et al. [93] combined and recombined established strain energy functions, compared the best fits of the tested strain energy functions, and found the optimal combination, which describes lung parenchyma tissue in the best way. Bel-Brunon et al. [5] considered in their study not only the compressibility but also the viscous contribution and determined the most suitable constitutive law for rat lung parenchyma. Thus, not pure hyperelastic models, but different kinds of combinations of the strain energy functions with compressibility and viscosity contributions could describe lung tissue behaviour adequately.
In conclusion, the Yeoh model is one of the most universally used approaches for modelling material behaviour of biological tissues. It provides a very good fit for abdominal organs, such as the liver, kidney, and also for brain, breast and other tissues. Owing to its accuracy, small number of parameters and computer efficiency, this model could be very effective in applications for clinical routine. However, other models are also sufficient for modelling the nonlinear behaviour of certain tissues. Thus, the choice of the appropriate constitutive model depends on the experimental data available, on the applications and other criteria.
In this work, we did not take into account the viscous behaviour of biological tissues. This limitation has to be kept in mind when modelling viscoelastic biological tissues with the approaches listed in this paper. However, the results of the hyperelastic modelling could be easily incorporated into more sophisticated models, including the effects of viscosity, anisotropy and others [24, 36, 61, [71] [72] [73] .
